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(54) Heat-settable resins 

(57) Heat-settable epoxy resin mixtures are provid- 
ed that can be used alone or in combination with fibers 
to form large composite material structures without the 
need for high consolidation pressures. The heat-setta- 
ble resin mixture is composed of a resin component, cur- 
ing agent component and a particulate component. The 
particulate component includes rigid-rod polymer parti- 
cles that dissolve when the heat-settable resin is heated 



to temperatures within a predetermined processing win- 
dow. After heating to the processing temperature, the 
resulting heat-set resin is cooled to form a curable solid 
resin. The curable solid resin may be stored indefinitely 
or re-heated to curing temperatures to form a cured 
product. 
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Description 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

[0001] The present invention relates generally to 
composite materials that are cured at elevated temper- 
atures and pressures. Typically, such composite mate- 
rials are cured in an autoclave where temperatures and 
pressures can be carefully controlled. More particularly, 
the present invention relates to the polymer resins that 
are used in the fabrication of these composite materials. 
The invention involves the preparation and use of liquid 
heat-settable resin mixtures. The mixtures are formed 
into curable solid resins that may be heat cured to form 
composite structures without the need for an autoclave 
or the application of high consolidation pressures. 

2. Description of Related Art 

[0002] Composite materials are widely used in situa- 
tions where high strength and low weight are required. 
Composite materials generally include one or more lay- 
ers of fibers that are embedded in a resin matrix. Glass 
and graphite fibers are particularly popular with many 
other types of fibers being available. Fibers come in an 
extremely wide variety of sizes, shapes and configura- 
tions Woven fabric, unidirectional fibers, randomly ori- 
ented fiber matting and chopped fibers are just a few 
examples. Although numerous types of matrix resins 
are available, epoxy resins have been extremely popu- 
lar. 

[0003] Composite materials based on the use of 
graphite or glass fibers in combination with thermoset- 
ting polymer resins are frequently found in aerospace 
and automotive vehicles. These materials are especially 
well suited for use in aircraft where the combination of 
high strength and low weight are particularly desirable. 
Composite materials have been used to produce a wide 
variety of aircraft parts ranging from non-structural pan- 
els and nacelles to structural components including 
flight control surfaces and structural elements of the 
wing, fuselage and tail. 

[0004] A common process for fabricating composite 
material parts involves first preparing a number of sep- 
arate fiber layers that are impregnated with an appropri- 
ate resin mixture that includes a thermosetting epoxy 
and one or more curing agents. The resin impregnated 
fiber layers are referred to as "prepreg". The prepreg 
layers are laminated together, typically in a mold, and 
cured to form the final composite part. Using prepregs 
to form composite parts is desirable because it allows 
one to carefully control the amount of resin that is 
present in the final composite material. Other lamination 
or lay up procedures include those that involve impreg- 
nation of the resin into the dry fiber layers as they are 
placed in the mold. 



[0005] The current practice for curing thermosetting 
composite materials requires that the layers of impreg- 
nated fibers be consolidated under high compaction 
pressures while heating to laminate the individual layers 

5 together to form the desired composite part. As men- 
tioned above, curing is usually done using an autoclave 
where the pressure and temperature can be controlled. 
Even small autoclaves that are intended for use in curing 
relatively small composite parts can be very expensive. 

10 Larger autoclaves that are designed to handle compos- 
ite parts found on large aircraft and aerospace launch 
vehicles are even more expensive. 
[0006] In order to substantially reduce the cost of fab- 
ricating large composite parts, it would be desirable to 

15 provide thermosetting composite materials that can be 
used to fabricate large parts without the need for an 
autoclave or other expensive processing equipment. At- 
tempts have been made to eliminate the autoclave from 
the fabrication process. These "out-of-autoclave" pro- 
20 cedures have been largely unsuccessful. One process 
is based on trying to achieve full cure during the lay 
down step. In this process, the layers are heated and 
consolidated against underlying layers to form a finally 
cured product. In another process, the layers are con- 
25 solidated together in the lay down step with little or no 
curing reaction taking place. Both of these approaches 
are difficult to carry out and have not been entirely suc- 
cessful due to difficulties in achieving uniform and con- 
sistent properties. 

30 

SUMMARY OF THE INVENTION 

[0007] In accordance with the present invention heat- 
settable resin mixtures are provided that can be used to 

35 form solid uncured composite materials that may then 
be heat cured outside of an autoclave at ambient pres- 
sures to form composite material parts of all sizes and 
shapes. The present invention is particularly well suited 
for use in making large and complex 1 composite struc- 

^0 tures, such as aircraft fuselages and rocket casings. The 
heat-settable resin mixtures may also be used to form 
fabric binders with extremely long room temperature 
shelf life and other adhesives with improved green 
strength. 

45 [0008] The invention involves a heat-settable resin 
mixture that includes a resin component, a curing agent 
component and a particulate component. The resin 
component contains one or more uncured resins. The 
curing agent component includes one or more curing 

so agents for the resin component. The combined resin 
component and curing agent component form a curable 
resin mixture that has a curing temperature such that 
the curable resin mixture forms a cured resin when heat- 
ed to a temperature equal to or greater than the curing 

55 temperature. The particulate component is dispersed 
within the curable resin mixture to form the heat-settable 
resin mixture. The particulate component is composed 
of particles of rigid-rod polymer wherein the rigid-rod 
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polymer dissolves in the curable resin mixture at a tem- 
perature that is below the curing temperature of the cur- 
able resin mixture. 

[0009] As a feature of the present invention, the resin 
component curing agent component and particulate 5 
component are chosen such that the heat-settable resin 
mixture forms a more viscous heat-set mixture when the 
heat-settable resin mixture is heated to a temperature 
that is sufficient to dissolve the rigid-rod polymer, but is 
below the curing temperature of the curable resin mix- 10 
ture. and then cooled back down to ambient tempera- 
ture. The temperature at which the rigid-rod polymer 
particles first begin to dissolve in the curable resin mix- 
ture is the "dissolution temperature". The temperature 
range between the dissolution temperature of the rigid- 15 
rod polymer particles and the curing temperature of the 
curable resin mixture is referred to herein as the 
"processing window" or "processing region" for heat set- 
ting. The heat-sel mixture of the present invention is 
formed by heating the heat-settable mixture to a tern- 20 
perature that is within the processing region for a suffi- 
cient time to form the heat-set mixture. Once formed, 
the heat-set mixture is cooled to a temperature below 
the dissolution temperature of the rigid-rod polymer par- 
ticles to form a solid curable resin that has a very high 25 
viscosity. The solid curable resin may be stored indefi- 
nitely at room temperature. The final cured product is 
formed by heating the solid curable resin to a tempera- 
ture at or above the curing temperature of the curable 
resin mixture. 30 
[0010] The heat-settable resin mixture is useful in 
making prepreg that contains the heat-settable resin 
mixture in combination with a fiber layer. It was found 
that the heat-settable prepreg can be formed into heat- 
set bodies by heating the layers to temperatures within 35 
the processing window and applying relatively low pres- 
sures to produce a consolidated uniform body. Upon 
cooling , the heat-set body turns into a solid curable com- 
posite part that can be stored indefinitely. When desired, 
the solid curable composite part is cured by heating the 40 
part to the curing temperature of the curable resin mix- 
ture. 

[001 1 ] The present invention covers the heat-settable 
resin mixtures whether they are used alone or in com- 
bination with fibers to form composite material. The fi- *s 
nally cured products as well as the curable solid heat- 
set intermediary parts are also included within the in- 
vention. The invention also covers methods for using the 
heat-settable resin alone or in combination with fibers 
and other additives. so 
[001 2] The above discussed and many other features 
and attendant advantages of the present invention will 
become better understood by reference to the detailed 
description when taken in conjunction with the accom- 
panying drawings. 55 



BRIEF DESCRIPTION OF THE DRAWINGS 
[0013] 

FIG. 1 is a graphic representation showing a gen- 
eralized temperature "processing window" or 
"processing region" for heat-setting a heat-settable 
resin mixture in accordance with the present inven- 
tion. 

FIG. 2 is a diagrammatic representation of the use 
of heat-settable prepreg in accordance with the 
present invention to make a composite material part 
without the use of an autoclave. 

FIG. 3 is a graph of temperature vs. viscosity for a 
heat-settable resin mixture according to Example 1 
where the heat-settable resin mixture is heated 
from room temperature to curing temperature. 

FIG. 4 is a graph of temperature vs. viscosity for a 
heat-settable resin mixture according to Example 2 
where the heat-settable resin mixture is heated to 
the lower processing window limit (80°C) and then 
cooled to ambient temperature followed by heating 
from ambient temperature up to curing tempera- 
ture. 

FIG. 5 is a graph of temperature vs. viscosity for a 
heat-settable resin mixture according to Example 2 
wherein the heat-settable resin mixture is heated 
(point 1 to point 2) and then cooled (point 3) in ac- 
cordance with the present invention to form a heat- 
set mixture that is then cured by heating from point 
3 to point 4. 

FIG. 6 is a graph of time vs. viscosity (curve X) and 
temperature (curve Y) for a heat-settable resin mix- 
ture according to Example 2 wherein the heat-set- 
table resin mixture is heated from ambient temper- 
ature to the upper limit of the processing window 
(130°C) and held at that temperature for 1 hour. 

FIG. 7 is a graph of viscosity vs. temperature for a 
heat-settable resin mixture according to Example 2 
wherein the heat-settable resin mixture has previ- 
ously been held at the lower temperature limit of the 
processing window for 60 minutes (curve X) and 
wherein the heat-settable resin mixture has previ- 
ously been held at the upper temperature limit of 
the processing window for 60 minutes (curve Y). 

FIG. 8 is a graph of temperature vs. viscosity for a 
heat-settable resin mixture according to Example 3 
wherein the heat-settable resin mixture is heated to 
the lower processing window limit (80°C) and then 
cooled to ambient temperature followed by heating 
from ambient temperature up to curing tempera- 
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ture. 

FIG. 9 is a graph of temperature vs. viscosity for a 
heat-settabie resin mixture according to Example 3 
wherein the heat-settable resin mixture is heated 
(point 1 to point 2) and then cooled (point 3) in ac- 
cordance with the present invention to form a heat- 
set mixture that is then cured by heating from point 
3 to point 4. 

FIG. 1 0 is a graph of time vs. viscosity (X) and tem- 
perature (Y) for a heat-settable resin mixture ac- 
cording to Example 3 wherein the heat-settable res- 
in mixture is heated from ambient temperature to 
either the upper limit (130°C) or lower limit (80°C) 
of the processing window and held at that temper- 
ature for 1 hour. 

FIG. 11 is a graph of viscosity vs. temperature for a 
heat-settable resin mixture according to Example 3 
wherein the heat-settable resin mixture has previ- 
ously been held at the lower temperature limit of the 
processing window for 60 minutes (curve X) and 
wherein the heat-settable resin mixture has previ- 
ously been held at the upper temperature limit of 
the processing window for 60 minutes (curve Y). 

DETAILED DESCRIPTION OF THE INVENTION! 

[0014] The heat-settable resin mixtures of the present 
invention include a resin component, a curing agent 
component and a particulate component. The resin 
component includes one or more thermosetting resins. 
Exemplary resins include epoxy, cyanate ester and bis- 
maleimide resins. Exemplary epoxy and cyanate ester 
resins include: glycidylamine type epoxy resins, such as 
triglycidyl-p-aminophenol, tetraglycidyldiaminodiphe- 
nyl-methane; glycidyl ether type epoxy resins, such as 
* bisphenol A type epoxy resins, bisphenol F type epoxy 
resins, bisphenol S type epoxy resins, phenol novolak 
type epoxy resins, cresol novolak type epoxy resins and 
resorcinol type epoxy resins; and cyanate esters, such 
as 1,1'-bis(4-cyanatophenyl) ethane (e.g. AroCy L-10, 
available from Vantico, Inc., Brewster, NY), 1,3-Bis 
(4-cyanateophenyl-1 -1 -(1 -methylethylidene) benzene 
(e.g. RTX366, available from Vantico : Inc., Brewster, 
NY). 

[001 5] Epoxy resins are preferred. The epoxy may be 
composed of Afunctional epoxy, difunctional epoxy and 
a wide variety of combinations of trifunctional and di- 
functional epoxies. Tetrafunctional epoxies may also be 
used. Exemplary trifunctional epoxy include triglycidyl 
p-aminophenol and N,N-Diglycidyl-4-glycidyloxyaniline 
(MY-0510 or MY-0500 available from Vantico, Inc., 
Brewster, NY). Exemplary difunctional epoxies which 
may be used in the resin include Bis-F epoxies, such as 
GY-281 , LY-9703 and GY-285 which are available from 
Vantico, Inc., Brewster, NY). Bis-A epoxies, such as GY- 



6010 (Vantico, Inc., Brewster, NY), Epon 828 (Resolu- 
tion Performance Products) and DER 331 (Dow Chem- 
ical, Midland, Ml) are suitable Bisphenoi-A type epoxies 
and may also be used. An exemplary tetrafunctional 

5 epoxy is tetraglycidyl diaminodiphenyl methane (MY- 
721 , MY-720 and MY-9512 available from Vantico, Inc., 
Brewster, NY). Preferred bis-F epoxies include GY281 
and GY285 which are available from Vantico, Inc., 
Brewster, NY Other commercially available epoxies that 

10 have been used in making composite materials are also 
suitable. In general, any of the thermosetting resins that 
have been used in preparing composite materials are 
suitable for use making the heat-settable resin mixtures 
provided that they are compatible with the particulate 

15 component. A preferred resin component contains a 
combination of MY721 and MY0510 or equivalent res- 
ins. It is preferred that the two resins are mixed together 
in approximately equal weight amounts. Other preferred 
exemplary resin components include resin mixtures with 

20 higher viscosities, such as mixtures of DER 331 and 
DEN 439 which are also preferably mixed together in 
equal amounts. DEN 439 is a phenol novloac-type 
epoxy that is available from Dow Chemical (Midland, 
Michigan). 

25 [0016] The curing agent component can include any 
of the known curing agents for theromoset curing of res- 
ins. The curing agents may be used alone or in combi- 
nation as is well known. Suitable curing agents include: 
anhydrides; Lewis acids, such as BF3; aromatic amines, 

30 such as dicyandiamide; 3,3-diamino-diphenylsulfone 
(3,3-DDS); amino or glycidyl-silanes such as 3-amino 
propyltriethoxysilane; CuAcAc/Nonylphenol (1/0.1); 
4,4'-diaminodiphenylsulfone (4,4'-DDS); 4,4'-methyl- 
enebis(2-isopropyl-6-methylaniline), e.g., Lonzacure 

35 M-MIPA(Lonza Corporation, Fair Lawn, N J); 4,4'-meth- 
ylenebis(2,6-diisopropylaniline), e.g., Lonzacure M-DI- 
PA (Lonza Corp., Fair Lawn, NJ). In selecting an appro- 
priate curing agent(s), it must be kept in mind that a pri- 
mary consideration is that the curing agent(s) provides 

40 for curing of the resin at a temperature that is above the 
dissolution temperature of the rigid-rod particulate com- 
ponent. 

[0017] The curing temperature of the curable resin 
mixture will depend upon the particular curing agents 

45 and resins being used and the relative amounts of each 
and the desired cure time. In general, the resin(s) and 
curing agent(s) will be selected so that the curing tem- 
perature will be at 120°C and above. The upper limit for 
curing epoxy resins is typically around 220°C. However, 

so the curing temperature may be higher depending upon 
the particular resin component/curing agent component 
combination. The resin(s) and curing agents(s) are se- 
lected to provide a curable resin mixture that has a cur- 
ing temperature that is sufficiently higher than the dis- 

55 solution temperature of the particulate component to al- 
low the heat-settable resin mixture to be heated to a 
temperature that is sufficient to form the heat-set mix- 
ture without causing curing of the mixture. The curing 
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temperature should generally be between 20°C and 
100°C above the dissolution temperature of the partic- 
ulate component. Preferably, the curing temperature will 
be between about 30°C to 50°C above the dissolution 
temperature of the particulate component. 5 
[0018] The particulate component includes particles 
that are made from rigid-rod polymers. The particles 
should be sufficiently small so that they can be uniformly 
dispersed within the curable resin mixture (i.e., the com- 
bined resin and curing agent components). In addition, to 
the particles should be sufficiently small so that they can 
be substantially dissolved in the resin component when 
the heat-settable mixture is heated to temperatures 
above the dissolution temperature of the particles, but 
below the curing temperature of the curable resin mix- *s 
ture (i.e., the "processing window" for heat setting). Dif- 
ferent particle sizes may be used depending upon the 
particular application and desired properties for the end 
product. In general, the particles should have sizes be- 
tween 0.1 to 1000 microns. The particle size range for 20 
a heat-settable mixture containing small particles will be 
around 0.1 to 2 microns. An exemplary particle size 
range for slightly larger sized rigid-rod polymer particles 
in a particular mixture is 5 to 20 microns. Mixtures con- 
taining larger particles and a wider range of particle siz- 25 
es are possible. 

[001 9] The polymer used to make the particles can be 
any of the linear polymers that have been used as a re- 
inforcement or toughening agent in the resin matrix of 
composite materials. Such polymers are known in the 30 
art as "rigid-rod" polymers. Rigid-rod polymers are pol- 
ymers in which an applied stress or deformation stress- 
es the primary backbone of the polymer without chang- 
ing the conformation of the polymer. A non-rigid or tra- 
ditional polymer is one in which an applied stress or de- 35 
formation causes a change in conformation. It is pre- 
ferred that the rigid-rod polymer have a predominately 
poly (1,4 phenylene) backbone wherein various R 
groups are attached to the phenylene backbone. The R 
groups may be derived from a wide variety of organic *o 
groups with benzoyl groups being exemplary. Rigid-rod 
polymers are available commercially from Maxdem/Mis- 
sissippi Polymer Technologies (San Dimas, California) 
under the tradename PAR MAX®. Preferred PARMAX® 
rigid-rod polymers are PX1000 and PX1200. PX1000 45 
and PX1200 are typically supplied as relatively large 
particles that must be ground or otherwise processed to 
obtain particles within the size range of 0.1 to 1 000 mi- 
crons. Suitably sized rigid-rod polymer particles may be 
obtained by processing the larger particles using known so 
techniques forforming uniform microspheres. Exempla- 
ry techniques include ball milling, jet milling, grinding, 
spray drying and the like. Other processing procedures 
are possible including processes like those described in 
United States Patent No. 4,945,154. Also, see United 55 
States Patents Nos. 6,087,467; 5,976,437; 5,659,005; 
5,512,630; 5,565,543 and related United States patents 
assigned to Maxdem for additional details regarding rig- 



id-rod polymers. 

[0020] The dissolution temperature for rigid-rod poly- 
mers will typically range from about 70°C to about 
125°C. As mentioned above, the dissolution tempera- 
ture of the rigid-rod polymer must be below the curing 
temperature of the curable resin mixture. This is neces- 
sary to insure that the particulate component will dis- 
solve at temperatures within the processing window 
without starting the curing process for the resin mixture. 
The temperature range that defines the limits of the 
processing window will vary depending upon the partic- 
ular rigid-rod polymer and the particular curable resin. 
For example, PX1O00 has dissolution temperatures in 
epoxy resins on the order of 80°C to 90°C. These tem- 
peratures define the lower limit of the processing win- 
dow for PX1000 with the upper limit being defined by 
the curing temperature of the particular curable resin 
mixture being used. 

[0021] The relative amounts of the three principal in- 
gredients may be varied depending upon the particular 
compounds being used and the desired properties of the 
mixture including initial viscosity and curing tempera- 
tures and times. The heat-settable resin mixture will 
generally include: 40 to 70 weight percent thermosetting 
resin; 1 0 to 40 weight percent curing agent; and 5 to 35 
weight percent rigid-rod polymer particles. Preferably, 
the heat-settable resin mixture will include: 50 to 60 
weight percent thermosetting epoxy resin; 20 to 30 
weight percent curing agent; and 15 to 25 weight per- 
cent rigid-rod polymer particles. Additives- may be in- 
cluded if desired. Such additives include colorants, in- 
tumescent compounds and otherconventional additives 
that are known in the art. 

[0022] If desired, the resin component and curing 
agent component may be mixed together prior to addi- 
tion of the particulate component to form a curable resin 
mixture to which the particulate component is added. 
For example, when using certain solid curing agents, it 
may be desirable to first dissolve the curing agent in res- 
in that has been heated to a temperature that is sufficient 
to dissolve the curing agent. Once the curing agent(s) 
is dissolved, the resulting curable resin mixture is cooled 
to a temperature that is below the dissolution tempera- 
ture of the particulate component. The particulate com- 
ponent is then added to the cooled curable resin mix- 
ture. Alternatively, the curing agent and particulate com- 
ponent may be added to the resin component at the 
same time. In general, the various components may be 
added in any order, as is known in the art, provided that 
the final result is a heat-settable resin mixture that con- 
tains a resin component, curing agent component and 
particulate component. Mixing at room temperature or 
below is generally preferred although not required. The 
components may be mixed at temperatures above room 
temperature provided that the temperature is sufficiently 
below the dissolution temperature of the rigid-rod poly- 
mer to prevent any appreciable dissolution of the rigid- 
rod polymer. Some minor dissolution (less than 5%) is 
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acceptable provided that it does not result in a prema- 
ture increase in viscosity of the mixture. 
[0023] Once the heat-settable resin mixture has been 
prepared, it may be used alone or combined with fibers 
to form a prepreg. When used alone, the heat-settable 5 
resin mixture is heated to a temperature within the 
processing window for a sufficient time to dissolve the 
particulate component and form the heat-set resin. The 
amount of time the heat-settable resin mixture is kept at 
temperatures within the processing window will vary 10 
widely depending upon a number of parameters includ- 
ing, but not limited to, temperature, type and size of rig- 
id-rod polymer, amount of particles in the mixture, resin/ 
curing agent combinations and the desired properties of 
the final product. As a minimum, the heat-settable resin *5 
mixture must be kept at a temperature inside the 
processing window for a sufficient time to form a heat- 
set resin wherein the viscosity of the heat-set resin in- 
creases as the heat-set resin is cooled to temperatures 
below the processing window to form the solid curable 20 
resin. 

[0024] The viscosity of the heat-settable mixture in- 
creases as the rigid-rod particles dissolve at tempera- 
tures within the processing window. Accordingly, the for- 
mation of the heat-set resin can be monitored by heating 25 
the heat-settable resin mixture and measuring the in- 
crease in viscosity as the temperature and/or time within 
the processing region increases. The heat-set resin is 
generally considered to be formed once the heat-setta- 
ble mixture has undergone a substantial increase in vis- 30 
cosity. A substantial increase in viscosity is considered 
to be when the viscosity of the heat-settable resin mix- 
ture inside the processing window is at least 10 times 
the viscosity of the heat-settable resin mixture when it 
enters the processing window. Preferably, the heat-set- -35 
table mixture is heated to a temperature within the 
processing window for a sufficient time to achieve a vis- 
cosity that is close to (i.e. within 20%) or at the maximum 
viscosity that is obtainable within the processing win-* 3 
dow. The maximum viscosity that can be obtained for a 40 
particular heat-settable mixture may be determined by 
routine experimentation. The desired final viscosity of 
the heat-set resin can be obtained by selecting a wide 
variety of combinations of processing temperatures and 
heating times. In general, heating times decrease as the *5 
processing temperature increases. 
[0025] Once the maximum viscosity is reached, the 
heat set resin is cooled to a temperature outside of the 
processing window to form the solid curable resin. An 
important consideration is that the mixture not be heated so 
to the curing temperature of the resin(s) in order to in- 
sure that no advancement of the resin toward final cure 
occurs. Equally important is that the temperature be suf- 
ficiently high for a sufficient time to substantially melt the 
rigid-rod polymer. The rigid-rod polymer is considered 55 
to be substantially melted when less than 10 percent of 
the initial rigid-rod polymer is remains in the mixture. 
Maximum viscosity in the processing window is usually 



coincident with substantially complete melting of the rig- 
id-rod polymer particles. 

[0026] During cooling to temperatures below the 
processing window, the heat-set resin forms a highly vis- 
cous uncured solid. At room temperature, the heat-set 
resin is in the form of a solid resin that may be stored 
indefinitely. When it is desired to cure the solid resin, it 
is simply heated to a temperature at or above the curing 
temperature for a sufficient time to achieve tho complete 
curing of the resin. 

[0027] FIG. 1 depicts the relationship between the vis- 
cosity of a generic exemplary heat-settable resin and 
temperature as the heat-settable mixture is processed 
in accordance with the present invention to form the fi- 
nally cured resin product. The heat-settable resin mix- 
ture is initially a relatively viscous liquid paste at tem- 
peratures below 50°C as shown at 1 . As the heat-set- 
table mixture is heated to the dissolution temperature of 
the rigid-rod polymer (left edge of the processing win- 
dow) the viscosity drops as shown by line A. As the tem- 
perature of the heat-settable resin mixture enters the 
processing window or region, the viscosity increases 
rapidly until it reaches a maximum at point 2 as repre- 
sented by line B. The viscosity maximum in this generic 
example occurs at a temperature that is close to, but 
less than, the curing temperature of the thermosetting 
resin (right edge of the processing window). At point 2, 
the rigid-rod particles are believed to be substantially 
dissolved and the heat-settable resin mixture is now a 
heat-set resin. It should be noted that the processing 
window shown in FIG. 1 is general in nature. The actual 
processing window will vary for each different type of 
resin/rigid-rod polymercombination. The viscosity curve 
will also vary depending upon the chosen processing 
temperature. It is preferred that the processing window 
be as wide as possible. As previously mentioned, the 
left edge of the processing window is determined by the 
dissolution point of the rigid-rod polymer, and the right 
edge is determined by the curing temperature of the res- 
in. Typically, the spread between the right and left edges 
of the processing window should be at least 20°C and 
less than 100°C. 

[0028] Once Point 2 in FIG. 1 has been reached, the 
heat-set resin is cooled to room temperature (Point 3 in 
FIG. 1 ) as shown by line C. At Point 3 the resin is a highly 
viscous solid that is in an uncured state. To cure the solid 
at Point 3, the material is heated to the final curing tem- 
perature. In FIG. 1, the final curing temperature is 
around 180°C. The viscosity of the completely cured 
resin is shown at Point 4. The viscosity profile of the cur- 
able solid resin from Point 3 to Point 4 follows lines C 
and D. As can be seen from FIG. 1 , the viscosity of the 
curable solid in accordance with the present invention 
is close to the viscosity of the cured product. The forma- 
tion of such a highly viscous solid intermediary uncured 
resin is an important feature that provides the ability to 
fabricate large and complex parts without the need for 
an autoclave. 
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[0029] The above description has been directed to the 
processing of the heat-settable resin mixture by itself 
into cured products. This type of processing is useful in 
situations where the resin mixture is being used alone 
as an adhesive, binder or coating. In these situations, 
the curable solid resin may contain certain additives 
known in the art for use in polymer adhesives. The pre- 
ferred use of the heat-settable resin mixture is in com- 
bination with reinforcing fibers to form composite mate- 
rials. The heat-settable resin mixture may be used in 
"wet" lay up procedures where the resin mixture is im- 
pregnated into the fibers as the fibers are placed in the 
mold or other fabrication equipment. However, the pre- 
ferred use is in the formation of prepreg where the fabric 
is pre-impregnated with the heat-settable mixture prior 
to lay up in the mold or other processing. 
[0030] An exemplary procedure for using the heat- 
settable resin mixture to form a part using prepreg is di- 
agrammatically shown in FIG. 2. A side sectional dia- 
grammatic view of an exemplary prepreg is shown at 
10. The prepreg 10 includes heat-settable resin mixture 
12 and fibers 14. It will be understood by those skilled 
in the art that the prepreg 10 is shown in a simplified 
form for demonstrative purposes. The drawing is not to 
scale with respect to the relative amount of resin matrix 
12 and fibers 14. 

[0031] The fibers 14 may be any of the fiber types 
used in making composite structures. Exemplary fibers 
include glass, graphite, boron, ceramic and aramide. 
Preferred fibers are graphite and glass fibers. The di- 
ameter of the fibers and the number of fibers per tow 
may vary widely depending upon the particular require- 
ments for the structure being made. For large composite 
parts, tows containing up to 12 thousand fibers (12K) 
are typically used. In general, any of the fiber types, siz- 
es and orientations that have been used in making ther- 
mosetting prepreg may also be used in combination with 
the heat-settable resin mixture. For structural parts, uni- 
directional and woven fiber or tow orientations are pre- 
ferred. 

[0032] The prepreg 10 may be made using any of the 
known fiber pre-impregnation procedures. In general, 
the heat-settable resin mixture may be substituted in 
place of any of the thermosetting resins normally used 
in making a prepreg. As is .well known, the amount of 
resin present in the prepreg is carefully controlled to pro- 
vide a fiber-to-resin weight ratio that provides maximum 
structural strength at the lightest possible overall weight 
of the composite material. For large structures, prepreg 
having a fiber areal weight of 1 45 grams per square me- 
ter (gsm) to 300 gsm fiber are preferred with a resin con- 
tent on the order of 35 percent by mass. 
[0033] Once the prepreg 10 is formed, it is placed in 
the mold or other forming device and heated as indicat- 
ed at 1 6 to a temperature within the processing window 
for a sufficient time to form a heat-set prepreg (Point 2 
in FIG. 1). The heat -set prepreg is then cooled to room 
temperature to form a curable solid prepreg structure 



1 8. A second prepreg 20 is then applied to the solid pre- 
preg 18. The second prepreg 20 is also made from a 
heat-settable resin 22 in accordance with the present 
invention and fibers 24. The second prepreg 20 is heat- 

5 ed to a temperature within the processing window and 
pressed against the solid prepreg 18 with a desired 
amount of consolidation pressure as shown at 26. The 
resulting solid body is cooled to room temperature to 
form a consolidated solid body 28. The consolidated 

10 body 28 can then be stored indefinitely at room temper- 
ature. If desired, additional prepreg layers composed of 
heat-settable resin and fibers may be added to the con- 
solidated body 28 using the same basic process of heat- 
ing the prepreg to a temperature within the processing 

15 window and applying sufficient pressure to consolidate 
the heated additional layer with the solid body 28. 
[0034] Curing of the solid body 28 is accomplished by 
heating it to the curing temperature for a sufficient time 
to form the cured part 30. Although the final curing of 

20 the solid body can be accomplished at ambient pressure 
conditions, it may be desirable to apply a desired 
amount of pressure during the curing step to ensure 
complete consolidation of the cured part. However, the 
high pressures typically present in an autoclave are not 

25 necessary. 

[0035] The preceding process is exemplary only. The 
order of processing operations may be changed, if de- 
sired. For example, the second piece of prepreg 20 can 
be contacted with the solid piece of prepreg 18 : and the 

30 desired level of pressure applied before prepreg 20 is 
heated. The prepreg 20 is heated, after contact with sol- 
id prepreg 18, to a temperature within or above the 
processing window and then cooled. The applied pres- 
sure is removed after cooling. Alternatively, the contact 

35 step, pressure application step and heating step could 
ail be accomplished simultaneously, if desired. Further, 
the cooling step and removal of pressure step could also 
be accomplished simultaneously. The important thing is 
that the desired pressure is applied while heating oc- 

40 curs, not after, so that when the heat-setting function 
occurs, the prepreg is under pressure and will be heat- 
set into the desired compacted shape or thickness. 
[0036] Examples of practice are as follows: 

45 EXAMPLE 1 

[0037] A heat-settable resin mixture in accordance 
with the present invention was made by using two epoxy 
resins (MY721 and MY0510) to form the resin compo- 

50 nent and two curing agents (4 ; 4'-DDS and 3 : 3'-DDS) to 
form the curing component. The epoxy resins were com- 
bined and heated to a temperature of 88°C. The 
4,4 , -DDS was added and mixed in for 15 minutes fol- 
lowed by the addition of the 3,3'-DDS and mixing for an- 

55 other 5 minutes to ensure complete dissolution of the 
curing agents. The resulting curable resin mixture was 
cooled to 65-70°C. The rigid-rod polymer was then add- 
ed and mixed for 5 minutes. The resulting heat-settable 



7 



13 



EP 1 522 549 A1 



14 



mixture had the following composition: 





Weight Percent 






MY721 Epoxy 


27.1 


MY0510 Epoxy 


27.1 


4,4'-DDS 


2.6 


3,3'-DDS 


23.2 


Particulate Component 


20.0 



[0038] The Particulate Component was formed by 
ball-milling PX1000 particles, as received from Max- 
dem/Mississippi Polymer Technologies Inc., withM>-inch 
ceramic media for 1 6 hours to form a dry powder having 
particles in the size range of 5 to 20 microns. 
[0039] The heat-settable resin mixture was heated to 
a temperature of 120°C to form a heat-set resin. The 
heat-set resin was then cooled to room temperature to 
form a curable solid resin. The curable solid resin was 
then heated to 180°C to form the cured product. The 
temperature versus viscosity profile is shown in FIG. 3 
for this particular heat-settable resin mixture. The 
PX1000 completely dissolved in the liquid component 
as the temperature of the mixture went from 85°C to 
120°C and the viscosity of the mixture increased over 
three orders of magnitude. The minimum viscosity of the 
mixture was 28 poise at 87°C with the viscosity increas- 
ing to a maximum in the processing window of over 
30,000 poise at 120°C. This increase in viscosity was 
achieved without any appreciable chemical advance- 
ment of the curing reaction. When the mixture is heated 
further as shown in FIG. 3, the viscosity drops initially 
and then increases to the final cured product. However, 
when the heat-set resin was cooled to room temperature 
(not shown in FIG. 3), the heat-set resin formed a solid 
with a viscosity well over 1 million poise. This resulting 
heat-set resin could then be heated to form the final 
cured product. 

[0040] Small samples of the heat-settable resin mix- 
ture were heated to a temperature of either 120°C or 
80°C for 1 to 2 minutes. The samples heated to the high- 
er temperature within the processing window formed 
curable solid resins when cooled to room temperature. 
The samples heated to the lower temperature outside 
the processing window remained pliable and liquid-like 
when cooled to room temperature. 

EXAMPLE 2 

[0041] A heat-settable resin mixture in accordance 
with the present invention was made according to Ex- 
ample 1 except that Parmax 1200 was used as the par- 
ticulate component instead of Parmax 1000. The Par- 
max 1200, as received from the manufacturer, was wet 
ground in multiple batches to particle sizes on the order 



of approximately 5-30 microns. Milling time was 20-26 
hours and M> inch ceramic media was used in the same 
manner as Example 1 . 

[0042] The results of thermal testing of the heat-set- 
5 table resin mixture are shown in FIGS. 4-7. As shown 
in FIG. 4, the heat-settable resin mixture was heated to 
the lower processing window limit (Curve X) and then 
cooled to ambient temperature followed by heating from 
ambient temperature up to curing temperature (Curve 
10 Y). The curves in FIGS. 4-7 are labeled with numbers 
and letters that correspond to the generalized process- 
ing curves shown in FIG. 1 . 

[0043] As shown in FIG. 5, the heat-settable resin 
mixture was heated (point 1 to point 2) and then cooled 

15 (point 3) in accordance with the present invention to 
form a heat-set mixture that was then cured by heating 
from point 3 to point 4. FIG. 6 is a graph of time vs. vis- 
cosity (curve X) and temperature (curve Y) for the heat- 
settable resin mixture when it is heated from ambient 

20 temperature to the upper limit of the processing window 
(130°C) and held at that temperature for 1 hour. FIG. 7 
is a graph of viscosity vs. temperature for a heat-settable 
resin mixture in accordance with this Example where the 
heat-settable resin mixture has previously been held at 

25 the lower temperature limit of the processing window 
(80°C) for 60 minutes (curve X). FIG. 7 also shows vis- 
cosity vs. temperature for the same heat-settable resin 
mixture that has previously been held at the upper tem- 
perature limit of the processing window (130°C) for 60 

30 minutes (curve Y). 

EXAMPLE 3 

[0044] A heat-settable resin mixture in accordance 
35 with the present invention was made by using two epoxy 
resins (DER 331 and DER 439) to form the resin com- 
ponent and one curing agent (4,4'-DDS) to form the cur- 
ing component. The epoxy resins were combined and 
heated to a temperature of 90°C. The 4,4'-t)DS was 
40 added and mixed in for 1 5 minutes under vacuum to in- 
sure complete dissolution of the curing agent. The re- 
sulting curable resin mixture was cooled to 71 °C. The 
same rigid-rod polymer as used in Example 2 (Parmax 
1 200) was then added and mixed for 5 minutes. The re- 
45 suiting heat-settable mixture had the following compo- 
sition: 





Weight Percent 


Curable Resin Mixture 




DER 331 Epoxy 


30.3 


DER 439 Epoxy 


30.3 


4,4'-DDS 


19.4 


3,3'-DDS 




Particulate Component 


20.0 



[0045] The results of thermal testing of the heat-set- 
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table resin mixture are shown in FIGS. 8-11 . FIG. 8 is a 
graph of temperature vs. viscosity for a heat-settable 
resin mixture according to this Example wherein the 
heat-settable resin mixture is heated to the lower 
processing window limit (80°C) and then cooled to am- 5 
bient temperature followed by heating from ambient 
temperature up to curing temperature. The curves in 
FIGS. 8-11 are also labeled with numbers and letters 
that correspond to the generalized processing curves 
shown in FIG. 1. io 
[0046] As shown in FIG. 9 the heat-settable resin mix- 
ture was heated (point 1 to point 2) and then cooled 
(point 3) in accordance with the present invention to 
form a heat-set mixture that was then cured by heating 
from point 3 to point 4. FIG. 10 is a graph of time vs. *5 
viscosity (X curves) and temperature (Y curves) for the 
heat-settable resin mixture where it is heated from am- 
bient temperature to the upper limit of the processing 
window (130°C) and held at that temperature for 1 hour 
(Curves Xu and Yu). Time vs. viscosity and temperature 20 
is also shown for the heat-settable resin mixture where 
it is heated from ambient temperature to the lower limit 
of the processing window (80°C) and held at that tem- 
perature for 1 hour (Curves XI and Yl). 
[0047] FIG. 11 also shows a graph of viscosity vs. 25 
temperature the heat-settable resin mixture where the 
resin mixture has previously been held at the lower tem- 
perature limit of the processing window for 60 minutes 
(curve X) and wherein the heat-settable resin mixture 
has previously been held at the upper temperature limit 20 
of the processing window for 60 minutes (curve Y). 
There is a substantial difference in the phase lag of the 
heat-settable resin mixture of this Example as it is heat- 
ed from point 1 to point 2 and then cooled to point 3. The 
phase lag is typically referred to in terms of "tan-delta". 35 
The initial tan-delta of the resin mixture at point 1 is 
greater than 1 which is indicative of liquid-like behavior. 
After heating to point 2 and cooling to point 3, the result- 
ing heat-set mixture is substantially solid-like with a tan- 
delta that is near zero. 4 0 
[0048] Having thus described exemplary embodi- 
ments of the present invention, it should be noted by 
those skilled in the art that the within disclosures are 
exemplary only and that various other alternatives, ad- 
aptations and modifications may be made within the ^ 
scope of the present invention. Accordingly, the present 
invention is not limited to the above preferred embodi- 
ments and examples, but is only limited by the following 
claims. 



Claims 

1 . A curable solid resin made by the process compris- 
ing the steps of: 

A) providing a heat-settable mixture comprising 
a resin component, a curing agent component 



and a particulate component, said heat-setta- 
ble mixture having a curing temperature such 
that said heat-settable mixture forms a cured 
resin when heated to a temperature equal to or 
greater than said curing temperature and 
wherein said particulate component comprises 
particles of a rigid-rod polymer that have a dis- 
solution temperature where said rigid-rod poly- 
mer particles dissolve in said resin component, 
said particulate component being present in an 
amount such that said heat-settable resin mix- 
ture forms a heat-set mixture when said heat- 
settable resin mixture is heated to a tempera- 
ture that is equal to or above the dissolution 
temperature of said rigid-rod polymer and be- 
low said curing temperature of the heat-setta- 
ble mixture; 

B) heating the heat-settable resin mixture to a 
temperature that is equal to or above the dis- 
solution temperature of said rigid-rod polymer 
and below the curing temperature of said heat- 
settable mixture for a sufficient time to form said 
heat-set mixture; and 

C) cooling said heat-set mixture to a tempera- 
ture below the dissolution temperature of said 
rigid-rod polymer to form said curable solid res- 
in. 

2. A curable solid resin composite body comprising 
fibers and a curable solid resin according to claim 1 . 

3. A curable solid resin according to claim 1 , wherein 
said rigid-rod polymer has a 1,4 phenylene back- 
bone. 

4. A curable solid resin according to claim 3, wherein 
said rigid-polymer with a 1 ,4 phenylene backbone 
is PX1000 orPX1200. 

5. A curable solid resin according to claim 1 , wherein 
the curing temperature of said heat-settable mixture 
is above 120°C. 

6. A curable solid resin according to claim 1 , wherein 
the dissolution temperature of said rigid-rod poly- 
mer is between 75°C and 125°C. 

7. A cured resin formed by the step of heating the cur- 
able solid resin according to claim 1 to a tempera- 
ture above said curing temperature for a sufficient 
time to cure said curable solid resin to form said 
cured resin. 

8. A cured composite body comprising fibers and a 
cured resin according to claim 7. 

9. A cured resin according to claim 7, wherein said rig- 
id-rod polymer has a 1,4 phenylene backbone. 



9 



17 



EP 1 522 549 A1 



18 



1 0. A cured resin according to claim 9, wherein said rig- 
id-polymer with a 14 phenylene backbone is 
PX1000 or PX1200. 

11. A cured resin according to claim 7, wherein the cur- 
ing temperature of said heat-settable mixture is 
above 120°C. 

12. A cured resin according to claim 7, wherein the dis- 
solution temperature of said rigid-rod polymer is be- 
tween 75°C and 125°C. 

13. A method for making a curable solid resin compris- 
ing the steps of: 

A) providing a heat-settable mixture comprising 
a resin component, a curing agent component 
and a particulate component, said heat-setta- 
ble mixture having a curing temperature such 
that said heat-settable mixture forms a cured 
resin when heated to a temperature equal to or 
greater than said curing temperature and 
wherein said particulate component comprises 
particles of a rigid-rod polymer that have a dis- 
solution temperature where said rigid-rod poly- 
mer particles dissolve in said resin component, 
said particulate component being present in an 
amount such that said heat-settable resin mix- 
ture forms a heat-set mixture when said heat- 
settable resin mixture is heated to a tempera- 
ture that is equal to or above the dissolution 
temperature of said rigid-rod polymer and be- 
low said curing temperature of the heat-setta- 
ble mixture; 

B) heating the heat-settable resin mixture to a 
temperature that is equal to or above the dis- 
solution temperature of said rigid-rod polymer 
and below the curing temperature of said heat- 
settable mixture for a sufficient time to form said 
heat-set mixture; and 

C) cooling said heat-set mixture to a tempera- 
ture below the dissolution temperature of said 
rigid-rod polymer to form said curable solid res- 
in. 

14. A method for making a curable solid prepreg com- 
prising the steps of: 



particles of a rigid-rod polymer that have a dis- 
solution temperature where said rigid-rod poly- 
mer particles dissolve in said resin component, 
said particulate component being present in an 

5 amount such that said heat-settable resin mix- 

ture forms a heat-set mixture when said heat- 
settable resin mixture is heated to a tempera- 
ture that is equal to or above the dissolution 
temperature of said rigid-rod polymer and be- 

w low said curing temperature of the heat-setta- 

ble mixture; 

B) heating the heat-settable prepreg layer to a 
temperature that is equal to or above the dis- 
solution temperature of said rigid-rod polymer 

15 and below the curing temperature of said heat- 

settable mixture for a sufficient time to form a 
heat-set prepreg; and 

C) cooling said heat-set prepreg to a tempera- 
ture below the dissolution temperature of said 

20 rigid-rod polymer to form said curable solid pre- 

preg. 

15. A method for making a curable solid prepreg ac- 
cording to claim 14, wherein said rigid-rod polymer 

25 has a 1 ,4 phenylene backbone. 

16. A method for making a curable solid prepreg ac- 
cording to claim 14, wherein said rigid-polymer with 
a 1,4 phenylene backbone is PX10O0 or PX1200. 

30 

17. A method for making a curable solid prepreg ac- 
cording to claim 1 4, wherein the curing temperature 
of said heat-settable mixture is above 120°C. 

35 18. A method for making a curable solid prepreg ac- 
cording to claim 1 4, wherein the dissolution temper- 
ature of said rigid-rod polymer is between 75°C and 
125°C. 

40 19. A method for making a curable solid composite 
body comprising the steps of: 

A) combining fibers with a heat-settable resin 
mixture to form at least two heat-settable pre- 
45 preg layers, said heat-settable resin mixture 

comprising a resin component, a curing agent 
component and a particulate component, said 
heat-settable mixture having a curing tempera- 
ture such that said heat-settable mixture forms 
a cured resin when heated to a temperature 
equal to or greater than said curing temperature 
and wherein said particulate component com- 
prises particles of a rigid-rod polymer that have 
a dissolution temperature where said rigid-rod 
polymer particles dissolve in said resin compo- 
nent, said particulate component being present 
in an amount such that said heat-settable resin 
mixture forms a heat-set mixture when said 



A) combining fibers with a heat-settable resin 
mixture to form a heat-settable prepreg layer, 50 
said heat-settable resin mixture comprising a 
resin component, a curing agent component 
and a particulate component, said heat-setta- 
ble mixture having a curing temperature such 
that said heat-settable mixture forms a cured 55 
resin when heated to a temperature equal to or 
greater than said curing temperature and 
wherein said particulate component comprises 
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heat-settable resin mixture is heated to a tem- 
perature that is equal to or above the dissolu- 
tion temperature of said rigid-rod polymer and 
below said curing temperature of the heat-set- 
table mixture; 5 

B) placing said at least two heat-settable pre- 
preg layers together to form a heat-settable 
prepreg body; 

C) heating said heat-settable prepreg body at 

a temperature equal to or above the dissolution to 
temperature of said rigid-rod polymer and be- 
low the curing temperature of said heat-setta- 
ble mixture for a sufficient time to heat-set said 
prepreg layers and form a heat-set prepreg 
body; and '5 

D) cooling said heat-set prepreg body to a tem- 
perature below the melting point of said rigid- 
rod polymer to form said curable solid compos- 
ite body. 

20 

20. A method for making a curable solid composite 
body according to claim 1 9, wherein said rigid-rod 
polymer has a 1 A phenylene backbone. 

21. A method for making a curable solid composite 25 
body according to claim 19, wherein said rigid-pol- 
ymer with a 1 A phenylene backbone is PX1000 or 
PX1200. 

22. A method for making a curable solid composite 30 
body according to claim 1 9. wherein the curing tem- 
perature of said heat-settable mixture is above 
120°C. 

23. A method for making a curable solid composite 35 
body according to claim 1 9, wherein the dissolution 
temperature of said rigid-rod polymer is between 
75°Cand 125°C. 

24. A method for making a cured composite layer com- *o 
prising the step of heating the curable solid prepreg 
made according to claim 14, at a temperature equal 

to or above said curing temperature under ambient 
pressure for a sufficient time to form said cured 
composite layer. *s 

25. A method for making a cured composite body com- 
prising the step of heating the curable solid com- 
posite body made according to claim 19 at a tem- 
perature equal to or above said curing temperature 50 
under ambient pressure for a sufficient time to form 
said cured composite layer. 
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